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Abstract

Introduction

High resolution and high quality secondary
electron (SE) images can be obtained in a dedicated
scanning transmission electron microscopy (STEM)
instrument under normal operating conditions. Small
gold particles less than 1 nm in diameter can be
imaged in the SE mode and fine details on surface
morphology can be revealed clearl y by secondary
electron imaging. Applications of SEM study of
surface step structures are presented. Secondary
electron image intensity variations of different MgO
smoke crystals with electron beam irradiation time are
discussed. Contrast mechanisms for secondary electron
imaging of specimen surfaces and future improvements
in obtaining ultra-high resolution SE images are
pointed out. The potential of SEM study in a STEM
instrument is realized by combining this technique
with other modes used for STEM study.

In recent years , great improvements in the
resolution for scanning electron microscopy (SEM)
have been made (Peters , 1982; Peters , 1985; Kuroda
et al., 1986; Nagatani and Saito , 1986; Tanaka et al .,
1986) by using a field emission gun which can
produce a very bright electron source with small beam
diameter . and by suppressing the contributions from
backscattered electrons (Reimer and Riepenhausen ,
1985). The type -I secondary electron signals generated
from the primary beam only have been proposed and
used to form high resolution images (Reimer , 1979;
Peters, l 982). Since electron beam spots of less than 1
nm in diameter can be focused on the specimen in the
new scanning electron microscopes (Kuroda et al. ,
1986; Nagatani and Saito , 1986; Tanaka et al. , 1986)
the main factor that prevents the attainment of ultrahigh resolution secondary electron images , comparable
with TEM images , may not be the probe size , but may
be the intrinsic delocalized nature of the SE signal
generation (electron beam-specimen interaction ). The
interacti on range of the primary electron with the
specimen
and
the subsequent
excitation-deca y
processes will limit the resolution of the SEM image
provided the electron beam probe is small enough . For
further improvement in high resolution secondary
electron imaging, we need knowledge of the secondary
electron emission mechanism . Also the contrast
mechanisms of SE images which dep ends on the total
SE yield of the material studied are still not fully
understood . Secondary electron emission depends on
various parameters (Boiziau and Gautier , 1984) and it
is often not easy to distinguish which parameter is
dominant. This makes the interpretation of SE images
difficult. Surface adsorption will complicate the
problem further. Under high energy electron beam
irradiation , electron beam induced effects (e.g .,
enhanced surface diffusion , adsorption , desorption and
radiation damage, etc.) will also influence the contrast
of high resolution SE images. SEM studies of various
kinds of surface problems under ultra -high vacuum
conditions have been reported (Duraud et al. , 1980;
Futamoto et al. , 1985; lchinokawa et al. , 1981;
lchinokawa et al. , 1986; Le Gressus et al., 1979; Le
Gress us et al., 1981; Venables et al. , 1980).
In a dedicated Scanning Transmission Electron
Microscopy (STEM) instrument , a variety of signals
produced by electron beam-specimen interaction can
be utilized to give more , and more accurate ,
information of the studied material (Cowley. 1982;
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and resolution of SE images in a HB5 STEM
instrument. Preliminary applications of SEM study to
surface morphology,
surface step structures and
reactions taking place on specimen surfaces under
electron beam irradiation are given. Combination with
other modes in STEM and future improvements of
SEM study are discussed.

Secondary Electron Emission
In an electron microscope , or other experimental
chamber, well-collimated electrons travel down the
optical column and hit the specimen generating a
variety of signals. Different signals are produced by
different
mechanisms
and carry corresponding
information about the specimen (Reimer , 1979).
Primary electrons lose their energy in passing through
solid samples by inelastic scattering processes and
cause various kinds of excitation and ionization
processes of the specimen electrons. Secondary
electrons can be produced directly by incident
electrons or by certain decay processes of these
excitations depending on the characteristics of the
specimen . The total yield of the secondary electrons
generated from the irradiated area on the specimen
will determine the contrast of high resolution SE
images and the emission range R (depending on the
kind of specific excitation-decay process) of the
secondaries gives the limiting resolution of SE images.
As early as 1939 , Wooldridge (Wooldridge , 1939)
attacked the problem of secondary emission by a
quantum-mechanical
treatment.
The
theoretical
calculation roughly agreed with the experimental data .
Seah (Seah , 1969) classified the emitted electrons as
three different groups and secondary electrons are
defined as electrons emitted with energies less than 50
eV. These secondary electrons are emitted from within
a very thin region near the specimen surface. The
above author also proposed a semi-empirical equation
to describe secondary electron spectra with the
assumption that secondary electrons can be described
by a "cascade" formalism. Other elaborations on the
emission theory and different mechanisms of SE
emission have been proposed (Bindi et al. , 1980;
Boiziau and Gautier , 1984; Boiziau et al. . 1985;
Kanter , 1961; Reimer and Drescher , 1977; Salehi and
Flinn . 1980 ; Sickafus, 1977; Rosier and Brauer , 1981;
Schou. 1980 ; Seiler , 1983; Tamura , 1985).
Single electron excitation process will produc e
secondary electrons . Whether collective excitation decay processes produce secondary electrons for
nearly-free-electron materials like metals . is still a
controversial problem (Boiziau and Gautier. 1984;
Duraud et al. , 1980). But generally . secondar y
electrons can be produced by the decay processe s of
both collective and/or single excitation or by Augertype electron emission due to localized defect states on
the specimen surface (Boiziau et al. , 1985).
There is an anisotropic angular distribution of
secondary electrons at the instant they are produced

Figure 1. SE images of: (a) gold particles and (b) NiO
particles on holey carbon films, showing high
topographical contrast. Bar = 100 nm.
1984; 1986a ; Cowley et al., 1986). A modified
secondary electron detector recently attached to the
main column of the HB5 STEM instrument, from VG
Microscopes, Ltd., above the specimen stage, can
collect secondary electrons generated from the top
surface of the specimen with high efficiency in the
transmission mode (with the electron gun below the
specimen). High resolution SEM images generated
from the specimen in the high resolution imaging
position in STEM instruments have been reported
(Berger et al., 1985; Howie and Milne, 1985; Imeson
et al., 1985). Fi~. I (a), a SE image of small gold
particles on a thm carbon film shows very high small
particle contrast. Fig. I (b) is a secondary electron
micrograph of evaporated NiO crystals on a carbon
film. Surface morphology of very small NiO crystals
is revealed with high resolution and high contrast. In
this paper we will discuss secondary electron emission
processes and various parameters affecting the contrast

(Bronshtein and Denisov , 1965; Schou , 1980; Rosier
and Brauer, 1981). Whether the subsequent movement
preserves this anisotropy depends on the type of
material. Secondary electrons can be emitted from the
sample surface into vacuum only if they come from a
region within the escape depth which is of the order of
nanometers for most of the materials. Thus , secondary
electrons carry information of the surface and
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transportation and emission) together rather than by
one step only. Materials with higher work function,
resulting in a lower transmission probability through
the surface barrier, may have a higher probability of
creating secondary electrons by the primaries. These
factors compete with each other and the final result
depends on which factor is dominant.
Secondary electrons can be refracted at the solid
surface due to the potential jump at the solid-vacuum
interface. The refraction index is given by:

subsurface of the specimen only .
In the process of their transportation to the
surface from the creation site , secondary electrons can
be scattered both elastically and inelastically: elastic
scattering by the crystal lattice atoms results in
diffraction effect which will greatly affect the amount
and the angular distribution of the secondaries moving
toward the surface since the wavelengths of these hot
electrons are in the range of 0.2 to I nm which results
in large diffraction angles ; the strong inelastic
scattering by the specimen electrons dissipates energy
and thus slows down the hot electrons moving toward
the surface. Both these processes will modify the inner
(inside the specimen) energy and angular distribution
of the secondary electrons near the surface . The final
energy distribution of these hot electrons is peaked at
the low energy part (Boiziau and Gautier , 1984).
These processes will depend on the sample
temperature
which might result in temperature
dependence of the secondary electron escape depth (Le
Gress us et al., 1981). The transportation process is
often considered as a diffusion of secondary electrons
to the surface and can be solved by applying the
Boltzmann diffusion equation to the description of the
secondary
electron
'cascade'
mechanism.
This
mechanism can explain the general form of SE spectra
(Sickafus, 1977; Bindi et al. , 1980; Schou, 1980).
Secondary electrons can be emitted without any
scattering after their creation . These electrons are
created within a very thin region near the solidvacuum interface and they may contribute to the fine
structures of the SE spectra , which cannot be revealed
by the 'cascade' formalism . These electrons may be
significant for very thin specimens used for STEM
study .
The final , crucial step of the emission process is
to over come the surface barrier of the solid specimen.
We first consider ideally clean flat surfaces (which
rarely
occur in practice , see below) . The surface
barrier is generall y represented by the work function
of the material. Different materials will give different
SE yields for this reason. Furthermore the SE yield of
different crystallographic faces of the same crystal
might not be the same since the work function varies.
Only those electrons which have kinetic energy larger
than , or at least equal to , the suiface barrier can be
emitted from the surface. The dependence of the total
SE yield ot on the work function t has been shown to
be (Grundner and Halbritter , 1980) :
Ot « exp[-t / e:]

n = (I +t /Es)l /2

where t is the work function of the specimen and Es
is the energy of the hot electrons.
Thus,
phenomenologically , the surface will act as a 'prism '
dispersing secondary electrons with different energies,
which will modulate the angular distribution of the
emitted secondary electrons. Refraction effects are
significant for slow electrons (e. g., Es = t , n= 1.41).
Total internal reflection of the secondary electrons at
specimen surfaces can occur if the incident angle is
greater than a critical angle (for Es = t , 9c = 45°)
depending on the secondary electron energy. This may
reduce SE yield drastically since the inner energy
distribution of the secondaries is weighted towards the
lower energy part. This simple classical idea illustrates
the importance of refraction and total internal
reflection effects on secondary electron emission
although we have to treat the problem quantummechanically (e.g., resonant reflection at Es = t ). In
practice , specimen surfaces are not atomically flat at
all. Atomic steps on the specimen surface will more or
less modulate the total SE yield . For ultra-high
resolution ( < I nm) SE imaging , we have to define a
local SE yield (corresponding to the probe size) which
determines the SE image contrast. Atomic steps on
tungsten crystal surfaces have been imaged (Kuroda et
al., 1986). Thus the problem of micro-roughness of
the specimen surface will not enter this discussion.
Finally , those electrons which have enough kinetic
energy to overcome the surface barrier and with an
incidence angle smaller than the critical angle can be
emitted from the solid surface. The SE yield is very
sensitive to surface modifications (electronic or
geometric) . Any surface disturbances will affect the
final step of the emission process .
In practice , the problem is not so simple since
specimens used for electron microscopy observations
are always more or less contaminated (physi- or
chemi-adsorbed layers) even under UHV conditions.
These adsorbed species will greatly influence the SE
yield of the specimen (e.g. , due to work function
change , quantum tunneling enhanced emission.
electronic attachment states with the specimen surface.
modification of surface band structure and introduction
of new electronic states, etc.) . Whether the adsorbed
layers enhance or decrease the SE yield depends on
the type and structure (Argile et al., 1984) of the
adsorbed elements. For thick adsorbed layers on the
specimen surface the change of the SE yield is
dominated by the work function change. Monolayer,
or a fraction of a monolayer, adsorption usually
enhances the SE emission . Resonant tunneling
enhanced SE emission (Malter effect) due to adsorbed
layers has been reported (Halbritter, 1983). MgO
smoke crystals prepared under high humidity
conditions have SE image intensity hundreds of times

(I)

where e: is the mean inner energy of the secondaries .
Change of &t due to a work function change M is:
Mt«

-(M /e:)xexp[-t /e:]

(4)

(2)

Thus we have SE image contrast C as:
(3)

This illustrates the contrast of SE images due to work
function change only. In fact the relationship between
the total SE yield and the work function of the sample
is not a simple one . Materials with higher work
function values may also display a higher SE yield .
This is not difficult to understand since the total SE
yield is determined by the three steps (creation,
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higher than that of the sample prepared in air (~ry i_n
Arizona) (Liu and Cowley, 1987a). One speculation 1s
that adsorbed water molecules on the MgO smoke
crystals enhance SE yield by resonant tunneling
emission as suggested (Halbritter, 1983), although
further experiment is needed to confirm this . Etch pits
on crystal surfaces, as revealed by scanning reflection
electron microscopy (SREM) technique , may also
contribute to the increase of the SE image intensity.
On the other hand , high energy electrons
impinging on the contamination layer on specimen
surfaces will polymerize the carbonaceous layer. The
final product is polymerized unsaturated hydrocar~on
which slows down the secondary electrons traveling
through this layer by shape resonant inelastic
scattering (Halbritter , 1983). This will reduce the SE
yield by a large proportion si~ce i:nost of . the
secondaries have low energy. This might partially
explain the darkening of the specimen area irradi~ted
by electron beam in SEM , although other explanations
have been suggested (Le Gr~ssus et ~I., I 979). s>ne
thing to be pointed out here 1s that this process might
not be true for thin layers of contamination. On the
contrary, for monolayer, or a fraction of a monolayer ,
carbon (hydrocarbon) coverage on MgO smoke
crystals the SE yield will not decrease , but increase
dramatically (see below).
There are other factors affecting SE emission.
Geometric effects on SE emission are well known.
Surface defects ( e.g. , F centers, dislocations, etc .),
which can be created under energetic electron beam
irradiation, might also influence SE yield (Namba and
Murata, 1984) by the emission from the localized
defect states . The study of the effect of local patch
fields on SE emission has been reported (Janssen et
al., 1980).

SE Detection, Contrast and Resolution of SE

Images in the HBS STEM --

- -

In the HB5 STEM, the specimen is placed inside
the objective lens between the upper and lower pole
pieces . A modified SE detector is positioned above the
specimen stage. Fig. 2 shows schematically the
geometry of the specimen and the SE detector
position. Secondary electrons emitted by the specimen
immediately experience the strong magnetic field of
the objective lens . These low energy electrons will
spiral up around the magnetic field lines and can
emerge from the top of the specimen cartridge if their
radius of gyration is smaller than the cartridge bore.
Then a transverse electro-static field (produced by the
positive bias voltage of SE detector) will attract these
electrons to the SE detector. Thus , most of the
secondary electrons generated from the specimen
surface can be collected due to this pre -collection
magnetic field . The collection efficiency and the
signal-to-noise ratio for the same incident beam
current may be higher than those in a conventional
SEM. For this detection configuration (transmission
mode) , the signal-to -noise ratio will be even higher if
there is a greater probability of SE emission in the
transmission direction than in the opposite direction
(Robinson, 1975). ·
One big advantage of SE detection in the
transmission mode over that in conventional SEM is
that there is very little contribution on the SE image
from
secondary
electrons
generated
by the
backscattered electrons (which have a large emission
range and so deteriorate the resolution of SE image).
The detected secondary electrons originate from the
interactions of the primary beam with the specimen .
Thus the SE image is formed by the type-I secondary
electrons only which are high resolution signals
(Reimer, 1979; Peters , 1982). In the HB5 STEM ,
operating at a voltage of 100 kV, the fiel<l emission
gun (FEG) will generate a very bright electron beam
with small beam diameter. The beam focused on the
specimen can be as small as 0.3 nm in diameter. For
secondary electron imaging the condenser lens is set
for high brightness and an objective aperture is usually
used , to give a focused beam on specimen surface
about 0.5 nm in diameter. For the thin specimens used
for STEM work. beam broadening is usually not
significant. Hence the main factor limiting the ultimate
resolution of SE images seems to be the non-localized
character of the excitation-decay processes which
generate secondary electrons . Future study will be
concentrated on this aspect and on improvements in
high resolution SE imaging (see discussion below) with
new instruments.
Contrast mechanisms are similar to those in
conventio nal SEM . Topographical detail is revealed
because of the SE yield dependence on the angle of
incidence
(geometric contrast).
This SE yield
dependence on incident angle e is usually expressed as
(Seiler , 1983):

Figure 2. Schematic illustration of specimen and
secondary electron detector position in the VG HB5
Scanning
Transmission
Electron
Microscopy
instrument.

(5)

where n is a numerical value ranging from 0.8 to 1.5
depending on the specific elements studied. Fig. 3 (a)
shows a secondary electron micrograph of overlapping
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Figure 3. Incidence angle dependent contrast. SE images of (a) overlapping NiO crystals and (b) MgO
crystals. (a) bar = 0 .5 µm; (b) Bar = JOOnm .

-~ ~?ff?)·
...
.;.,:
·
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Figure 4. Edge brightness contrast. SE images of (a) recrystallized NiO crystal and (b) surface steps on NiO
crystal . Bar = I 00 nm .
brightness contrast.
Differences in SE yield for different materials
result in high contrast SE images , showing clearly in
Figs. I (a) and (b) . Small particle contrast is partially
due to material contrast and partially due to geometric
contrast (large surface-to-bulk ratio) . Fig . 5 shows this
effect in a high contrast SE image of reduced small Ni
crystals formed from NiO under electron beam
irradiation. Small gold particles ( < 4 nm) on silicon
substrate have also been imaged with high contrast.
Surface defect contrast has not been observed . Berger
et al. (Berger et al. , 1985) have observed band
contour contrast in a Ni based superalloy. Twin planes
of recrystallized GaAs crystals have been imaged with
high resolution and high contrast ( this will be
reported later). Local charge and discharge contrast
has also been observed as shown in Fig. 6 which is a
SE image of a MgO smoke crystal on a holey carbon
film. The effect of stable specimen charging on SE

NiO crystals with various faces . The angle-depe~dent
contrast is revealed clearly. Furthermore , the diffuse
edge image of the top crystal is probably due to beam
broadening effect since this is a very thick specimen .
Fig. 3 (b) is a SE image of MgO smoke crystals
attached to the copper grid support , for which the
contrast was explained elsewhere (Howie and Milne,
1985) . The SE image intensity asymmetry of the two
edges (arrowed as A and B) is due to the preferred
detection of secondary electrons emitted (up) toward
the SE detector (edge A). Secondary electrons emitted
away (down) from the detector will spiral up agai_n~nd
some of them strike the sample, bemg stopped ms1de
the specimen. Thus we cannot see very bright edge
contrast (edge B). Edge brightness contrast is revealed
clearly in Fig . 4 (a), which is a SE image of a
recrystallized NiO crystal showing very well defined
low index facets. Fig. 4 (b) is a SE image of a NiO
crystal revealing swface steps by a very high edge
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Figure 5. Small particle contrast. SE image of small

Figure 6. Local charge-discharge

contrast. SE image
of a MgO smoke crystal supported on holey carbon
film. The specimen charging is not stable in this case.
Bar= 200 nm.

Ni particles reduced from NiO crystal under electron
beam irradiation, showing high small particle contrast.
Bar= =50 nm.

due to the non-localized nature of the emission
process, which have not been verified yet, and poor
signal-to-noise ratio at high magnifications (e.g. , at
106x). Fig. 7 (a) shows a SE image of small NiO
particles (some less than 1.5 nm in diameter) ,
evaporated and deposited on carbon film inside the
electron microscope, and the BF STEM image Fig. 7
(b) indicates that some of the small particles are
immersed in the substrate and cannot be revealed
clearly by the SEM image ; Fig. 7 (c) is a SE image of
gold particles on a very thin holey carbon film (about
2 nm in thickness) . Small particles (e.g., particle A)
less than I nm in diameter can be recognized and
center-to-center distance less than I nm between two
particles
is also revealed (B) . In fact careful
observation shows that much better resolution has been
obtained on this image. The poor contrast of these SE
images is presumably due to poor signal-to-noise ratio
and the fact that the small particles may be half
embedded
in
the substrate or surrounded
by
amorphous materials,
resulting in a fuzzy
image
around the small particles . Edge resolution should be
better than point resolution as revealed by Fig. 8 (a)
surface steps on a NiO crystal and Fig. 8 (b) a small
cut at the edge of a NiO crystal. Both images show
edge resolution much better than I nm.

image, intensity is difficult to assess quantitatively.
This is a field for future study.
It is interesting to note that SE image intensity is
much higher for thicker parts than for thinner parts
( < IO nm) of the same crystal (see SE images in this
paper) . This is difficult
to understand
since
backscattered electrons are not expected to contribute
to the SE image. One speculation is that secondary
electrons generated by the Auger electrons (produced
inside the specimen by the primary electrons) may be
significant for thick samples. The probability of
producing Auger electrons by the primary beam is
much smaller than that of the secondary electrons. But
the SE yield at Auger electron energy range (about
JOOto 2000 eV for most of the materials) is about 20
to 30 times that for 100 kV electrons. Furthermore the
interaction range for Auger electrons is 10 to 50 times
that of the secondary electrons. Auger electrons and
other energetic secondaries produced deep inside the
specimen will produce more Auger electrons and
secondary electrons on their way to the specimen
surface . Thus the contribution
from secondary
electrons produced by Auger electrons might be
comparable to that produced by the JOOkV electrons
for thick areas. For thin areas ( < 2 nm) of the
specimen this contribution is negligible.
The resolution of SE images is basically
determined by three parameters: (I) electron probe
size; (2) signal to noise ratio and (3) SE emission
range. The first two parameters are instrumental
parameters and they will not impose serious problems
for new scanning electron microscopes (Nagatani and
Saito, 1986; Tanaka et al., 1986 ; Kuroda et al.,
1986). The third parameter is determined by the
intrinsic nature of the emission process. Localized
emission is possible as well as non-localized emission
as we discussed above. For a point electron beam
probe, the resolution of SE images may be limited by
this non-localized emission range.
The resolution of SE images in the HB5 STEM is
limited to about I nm (point resolution) presumably

Applications
SE yield depends on various parameters including
geometric factors, work function change and adsorbed
layers on the specimen surface. Topographical contrast
permits the study of surface steps. Work function
contrast enables the SEM study of surface reactions
(Liu and Cowley, 1987a). Surface adsorbed layers
cause SE image intensity variation under electron
beam irradiation.

SEM study of surface steps
Surface steps can be revealed by high resolution
SE imaging as discussed above . Fig. 9 (a) is a SE
image of surface steps on a big NiO crystal showing
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Figure 8. High edge resolution SE images . (a) surface
steps on a flat NiO crystal and (b) a small cut at the
edge of a NiO crystal. (a) Bar = 10 nm ; (b) Bar = 20
nm.
large steps and very fine steps (arrowed) on a flat
surface . Fig . 9 (b) shows another area revealing
terraces and various kinds of step structures . It is
difficult to estimate the height of these steps at this
stage . Further experiments are needed to establish a
systematic method to estimate the height of surface
steps .
Fig. 10 shows SE images of bulk MgO crystal
with in situ deposited Ni particles decorating the
surface steps. Fig. IO (a) shows that Ni particles are
aggregated along the steps of bulk MgO crystal and
Fig . 10 (b) is magnified part of Fig. IO (a) showing
the fine structure of the steps and the small Ni
particles (2-5 nm in diameter) . Careful examination of
Fig. IO (b) suggests that these small Ni particles are
aligned preferentially along two directions which may
be due to the fine step structures of the bulk MgO
crystal. This kind of step structure has also been
observed by SREM technique for MgO smoke crystals
( Cowley and Newmann, 1984; Cowley , 1986b ).

Figure 7. High resolution SE images: (a) SE image
and (b) STEM image of small NiO particles (as small
as 1.5 nm in diameter ) on holey carbon film
(compare the two images); (c) SE image of gold
particles ( < 1 nm) on carbon, showing resolution
better than I nm. Bar = 20 nm.
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Figure 9. SE images of surface steps on NiO crystal. Notice the very fine detail arrowed in (a). (b) shows
various kinds of step structures . (a) bar = 100 nm ; (b) Bar = 50 nm .

Figure 10. SE images of Ni particles deposited on bulk MgO crystal , showin~ step structure s; (b) magnified
image of (a) showing preferential depositi on of Ni particles along two direct10ns which may be due to fine
step structures of MgO crystal ; (c) and (d) showing other kinds of step structures . (a) bar = 200 nm ; (b) bar
= 20 nm ; (c) bar = 50 nm ; (d) Bar = 100 nm .
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Figure 12. SE images of surface steps on a large
platinum ball, increasing focus from (a) to (d) showing
surface steps and other features on the platinum
surface. Bar = 200 nm.

Figure I 1. SE images of MgO smoke crystals,
revealing the growth steps and the pyramid structure.
the britht patches on the left side may be due to
monolayer contamination on the surface . Notice the
very bright contrast of the small crystals attached to
the big crystal. Bar = I 00 nm.

Figure 13. SE image revealing regular surface steps
on a platinum ball. The step structure is similar to that
observed by REM technique (Cowley, 1984). Bar =
100 nm.

Fig. IO (c) shows other kinds of step structure of the
same crystal. Overlapping on the large steps (nearly
straight lines in Fig. IO (c)) are the curved fine lines
(nearly perpendicular to the large steps). Fig. 10 (d) is
a SE image of the same sample , resembling the typical
step structure
observed
by reflection
electron
microscopy (REM) (Cowley, 1984; Hsu et al., 1984)
Fig. 11 (a) shows a typical SE image of a big
MgO smoke crystal revealing the growth steps and the
pyramid structure. Fig . 11 (b) is the magnified image
of Fig 11 (a) showing fine steps. The large steps may
be composed of tens or hundreds of atomic steps, but
the fine steps could be of only several atomic step
height. The very bright contrast of the fuzzy patches
(on the left part of the image) is probably due to a
fraction of a monolayer

contamination which enhances SE yield dramatically
(see below). The contrast changes with irradiation time
and finally all the topographical information is lost. It
is interesting to notice that the very small MgO smoke
crystals stuck on the surface of this big crystal shows
surprisingly high intensity which is difficult to
understand (the horizontal lines on these pictures are
due to scanning problems). Stable specimen charging
may contribute to this unusually high contrast (Berger
et al., 1985), but other explanations are equally
possible.
Surface structures of gold and platinum balls have
been studied extensively by REM technique (Cowley ,
1984). It was not expected to obtain high contrast and
high resolution SE images of surface steps of platinum
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Fig 15a

Figure 14. SE images of MgO crystals , showing intensity variation with irradiation time : (a) STEM and (b)(e) SE images ; (c) after about 20 minutes ; (d) another 5 minutes at high radiation dose and (e) another 75
minutes later. Notice the SE image intensity variation of crystal # 1 from (b) to (e) . Bar = 50 nm.
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Figure 15. SE images showing monolayer diffusion process on a single MgO smoke c7stal: (a) STEM image
(on the facing page) and (b)-(f) SE images. (b) initial image ; (c) 20 minutes ; (d) 40 mmutes; (e) 80 minutes;
(f) 150 minutes later and (g) a magnified STEM image of the area circled in (e) showing the amorphous
material. (a)-(f) Bar = 200 nm ; (g) Bar = 20 nm.

J . Liu and J .M. Cowley
15 (b )-(t) are SE images showing that the monolayer
diffusion contour changes with irradiation time. Fig.
15 (g) is a STEM image , magnified from the circled
area in Fig . 15 (e) and was recorded after image Fig .
15 (t) was taken. This image does not reveal the
surface diffusion at all. This is not difficult to
understand since STEM imaging is less sensitive to
surface conditions than is SEM imaging. One thing to
point out here is that , even when the crystal is covered
with thick layers of amorphous material as revealed by
BF STEM image (Fig. 15 (g)), the SE image intensity
is still surprisingly high . This is not understood yet.
Reactions taking place on specimen surfaces
under electron beam irradiation can be studied by SE
imaging. Ni crystals are formed on NiO crystal surface
under electron beam irradiation.
This reduction
process has been studied by high resolution SE
imaging technique (Liu and Cowley, 1987a) . The
same phenomenon has also been observed by TEM ,
STEM and SREM techniques (Liu and Cowley,
1987b).
From the above observations and comments we
know that secondary electron imaging is very sensitive
to surface modifications. A fraction of a monolayer
adsorption on sample surfaces will not change the
work function very much . But it may modify the
surface band structure ( e.g. , band bending) or
increase the localized surface states and adsorbate
states. These in turn may potentially affect the final
step of SE emission process while the first two steps
remain the same. Impurity and contamination on
specimen surfaces will inevitably change the contrast
of SE images. Radiation damages on specimen
surfaces will also cause changes of SE signals. The
best way to study the SE emission problem and to
characterize specimen surfaces (e.g., surface reaction,
step structure, etc.) is to perform experiments under
ultra -high vacuum condition and prepare specimens in
situ.

ball in transm1ss1on mode because of the detection
geometry involved . But , Fig . 12 shows high quality
SE images of surface steps on a large platinum ball
(the same sample as used for REM observation). These
pictures were taken with increasing focus values
showing steps running along the surface. Various kinds
of bumps and eruptions on the surface are also
revealed clearly. Fig. 13 is a SE image of a small but
rather smooth area on the platinum ball, revealing
regular surface steps, looking very much like the step
structures revealed by REM (Cowley, 1984) .

SEM Study of Surface Diffusion

SE yield 1s very sens1t1ve to surface oxidation and
contamination
which are usually encountered
in
electron microscopy study. For thick adsorbed layers
on the specimen surface the SE yield is dominated by
the kind of adsorbed materials . On the other hand, for
monolayer. or a fraction of a monolayer, adsorption
the SE yield depends not only on the species and
structure of the adsorbed layers but also strongly on
the interactions between the adsorbed material and the
substrate (e.g., the formation of electronic attachment
states and the introduction of localized states, etc.).
The SE image is capable of revealing these
interactions.
Fig. 14 is a series of SE images of a chain of
small MgO smoke crystals attached to the holey
carbon support, showing the intensity variation of
different crystals with irradiation time (Cowley et al.,
1986). Fig . 14 (a) is a BF STEM image showing the
cubic crystals nearly in (00 I) orientation. Fig. 14 (b)(e) are SE images. Crystal # I has very high intensity
at the start (b) and after about 20 minutes high energy
electron beam irradiation the intensity of this crystal is
reduced by a large amount while the intensity of other
crystals is increased (c); after another 5 minut es
radiation at high dose (high magnification) , which
enhances the diffusion rate, the intensity of crystals #2
and #3 are largely increased and the intensity of
crystal # I is reduced further (d); after another 75
minutes electron beam irradiation at low dose , image
(e) was recorded which shows that crystals #3 and #4
are now very bright and crystals # I and #2 become
dark . Further irradiation
decreases the overall
intensity and after about 3h irradiation the intensity of
these crystals is nearly the same as that of the carbon
support and the crystals are covered by amorphous
materials as revealed by BF STEM images.
The explanation of this intensity variation seems
to be the following. The change of intensit y with
irradiation time is due to electron beam irradiation
enhanced surface diffusion of carbon (hydrocarbon) to
MgO crystals from the carbon support. The enhanced
diffusion
rate is radiation-close
depend ent. For
monolayer , or a fraction of a monolayer , carbon
coverage, the SE emission is enhanced due to some
kind of interactions between carbon and MgO surface.
Thus the SE image is very bright (crystal #l in Fig. 14
(b) and crystals #3 and #4 in Fig. 14 (e)). For high
carbon coverage the high energy electron beam will
polymerize the carbon or hydrocarbon layers and
reduce SE yield by shape resonant inelastic scattering
as discussed above. So, the image appears dark
(crystal #I in Fig. 14 (e)). Thus the observable
intensity variation corresponds to a fraction of a
monolayer carbon diffusion. Fig. 15 illustrates the
diffusion process more clearly on a big single MgO
smoke crystal. Fig . 15 (a) is a BF STEM image. Fig .

Discussion
Secondary electron emission theory is still not
completely understood, especially the first step of the
emission
process. Transportation
of the created
secondary electrons to specimen surfaces can be , in
general, characterized by a "cascade" formalism and is
usually described by the Boltzmann diffusion theor y
(Sickafus. 1977) although fine structures, which is not
significant for SE imaging, cannot be revealed by this
mechanism. Emission from the solid into vacuum can
be more or less characterized by some semi-empirical
equations. How are the secondary electrons created '?
This is an unsolved problem. It is this step which
imposes the theoretical
limitation of SE image
resolution irrespective of how small an electron beam
probe
is used experimentally.
Single electron
excitations in the specimen may occur either in the
bulk or else at localized surface defects (including
states introduced by adsorbates , etc.). Also electrons
may lose energy of 5-30 eV through the excitation of
collective states of the specimen electrons (e.g., bulk
and surface plasmons). These excitations may decay
through the emission of secondary electrons . The
relative importance of the two kinds of excitation
varies with the sample. The efficiency with which
either excitation can produce secondary electrons is
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Figure 16. STEM (a) and SE (b) images of platinumalumina catalyst clusters . The SE image shows more
clearly the morphology of the catalyst cluster . Bright
spots on the SE image are small platinum particles .
Bar = 50 nm

Figure 17. (a) STEM and (b) SE images of small Ni
particles reduced from NiO crystal under electron
beam irradiation.
The insets are microdiffraction
patterns from the small Ni particle (A) and the NiO
substrate (B) , respectively (central spot indicated by
the white x) . Bar = 20 nm.

not well known.
It is generally considered that the scattering
processes involving the losses of 5-30 eV energy are
not localized (Craven et al. . 1978 ; Crewe. 1985;
Isaacson and Langmore. 1974). The interaction range
of the primary beam with the specimen , R , is inversely
proportional to the energy loss , 6 E:

R"' AE/(26E)

One way to improve SE image resolution and
investigate SE image contrast mechanisms may be to
use energy analysis of the secondary electrons which
contribute to the image. On the assumption that the
localization of the initial inelastic scattering process is
improved for higher energy losses. it may be assumed
that the higher secondary electrons will provide better
resolution , provided that an adequate signal -to-noise
ratio can be maintained. Furthe1more , we can study
the contrast mechanisms of SE images by tuning the
energy window. For example , work function contrast
comes mostly from low energy secondaries , so we can
enhance work function contrast by filtering out the
high energy secondary electrons. On the other hand,
high energy secondary electrons may contribute signals
for higher resolution images and they may carry
information from within only a few atomic layers near
specimen surfaces.

(6)

or, for 100 kV electrons R ~ (100/6E) nm , for 6E in
electron volts. The achievement of resolution of 0.5 to
0._8 nm, claimed for the new scanning electron
microscopes (Tanaka et al., 1986; Nagatani and Saito ,
1986;) and the demonstration
in this paper of
resolution of better than I nm for SE signals in a LOO
kV STEM instrument are clearly not consistent with
the idea of the non-localized excitation with this
interaction range. Either one or both of the two types
of excitation must be localized to a much greater
extent than has been postulated , or else a different
imaging mechanism, not involving these excitations
directly, must be assumed.
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In a scanning transmission electron microscope ,
the SEM study of surface problems is valuable since
the SE yield is more sensitive to surface disturbances
than are other modes. Use of a field emission electron
gun can provide adequate signal strength for the high
resolution required to give good contrast for fine
surface details . Work function contrast and monolayer
adsorption induced SE signal change should be
emphasized in future study .
The combination of SEM studies with other
modes in a STEM instrument proves useful and
necessary (Allen, 1985). BF and OF STEM images
reveal the bulk structure of the studied material.
Microdiffraction gives crystallographic information and
qualitative identification of materials. On the other
hand , SE images give more information about the
topography and adsorbed layers on the specimen
surface. Fig. 16 shows the BF STEM image (a) and
SE image (b) of platinum particles on alumina
substrate. The SE image shows more clearly the
morphology of the small platinum particles and the
alumina cluster and indicates that some small platinum
particles may be half embedded in, or surrounded by,
the alumina substrate. This will help the interpretation
of the microdiffraction patterns from these platinum
particles. Another example of the combined use of
several modes in STEM to extract more information is
shown in Fig. 17: (a) BF STEM image and (b) SE
image of small Ni particles reduced from the bulk NiO
under electron beam irradiation . The insets are the
microdiffraction patterns from the arrowed small Ni
particle (A) and the substrate (8) , respectively . The SE
image shows that only some of the small Ni particles
revealed by the STEM image are on the top surface of
the specimen. This indicates that the reduction occurs
on both surfaces of the NiO crystal. From the
microdiffraction patterns we deduced that the reduced
small particles are Ni crystals and they are in epitaxial
relationship with the bulk NiO .
The combination of the SE image study with the
scanning reflection electron microscopy (SREM) mode
(Cowley , 1981; 1984; 1986a) will be interesting since
SE images can reveal surface steps at normal incidence
while SREM ~ives high resolution images of surface
steps at glancmg incidence . SE imaging at glancing
incidence will not reveal fine steps as given by SREM
images since the resolution is poor at glancing
incidence due to the specia l emission and detection
geometry involved. Another advantage of SEM study
of surface morphology is that both flat smooth surface s
(see Fig . 18 (a)) and rough surfaces (see Fig. 18 (b))
can be imaged . SE imaging can be used to monitor
the change of surface morphology of the sample under
electron beam irradiation. Fig. 18 (c) shows a SE
image of a NiO crystal surface which has changed
from a flat surface to this final form under electron
beam irradiation.
Comparison of the SE image with the surface
plasmon energy-loss STEM image may reveal some
information of the creation mechanism of secondary
electrons (Howie and Milne , 1985). Both images give

Figure 18. SE images of different surface
morphology. (a) a flat smooth NiO crystal surface
showing terraces clearly; (b) rough surface on Ni
crystals and (c) surface morphology change of NiO
crystal under electron beam irradiation. SE imaging is
capable of revealing various kinds of surface
structures . This is a big advantage of SEM compared
with REM technique. Bar = 50 nm.

!nf?rmation ab?ut the interaction range when the
mc1dent beam 1s nearly parallel to a crystallographic
plane. Surface resonant effect has not been observed
yet by SE imaging due to other dominant factors . The
potential of SEM study in the HB5 STEM is realized
by combining this mode with other modes .
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Conclusion
Secondary electrons carry information of the solid
surface only and SE yield is very sensitive to surface
disturbance . SE imaging is capable of revealing
surface morphology and fine surface steps with high
resolution. SE imaging can be used to study electron
beam enhanced surface diffusion (a fraction of a
monolayer)
and electron beam induced s~rface
reactions in an electron microscope. The resolution of
SE images is better than I nm for a 100 kV electron
microscope. Future improvements in the resolution of
SE images may be possible by the use of filtered
secondary electrons.
Combination of SEM study with other modes in
the HB5 STEM proves useful and necessary to extract
more, and more accurate, information of the bulksurface structure. Future experiments are needed to
characterize the adsorbed species on specimen surfaces
and the electron beam enhanced surface diffusion
process by energy filtered high resolution SE imaging .
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Discussion with Reviewers
D. Imeson: We have also observed the increasing SE
signal with increasing thickness in some samples
[commented on in Berger et al, Inst. Phys. Conf. Ser.
78, page 99 (EMAG 1985), and in text reference
(Howie and Milne, I 985)J . The effect seems much less
marked in some materials (metal particles, thin metal
foils, carbon films) than in MgO or others (insulators?)
however. Does this suggest that plasmon decay plays a
more dominant role than Auger electrons, as you
suggest , in this effect?
K.-R. Peters: What effect does the thickness of small
particles have on the SE contrasts? It was shown that
already a 2 nm thick film of metal produced a
recognizable
amount
of wide-angle-backscattered
electrons. Films of 5- IO nm thickness produced a
good SE as BSE signal (Peters K.-R. , 1982; 1985) .
BSE, however , also produced SE.
Authors: The thickness dependence of SE signal (in
transmission mode) is an unexpected experimental
result. This effect is more significant for NiO and
MgO crystals compared with other materials we
studied. We have also observed the same phenomenon
for Al2O3 , GaAs, Si and Ni samples. The increase of
SE signaf is too large to be explained by the argument
that the larger SE yield at the exit surface is caused by
the angular and energy broadening of the transmitted
electrons (Reimer and Drescher ( 1977),text reference) .
For clean NiO samples the SE image intensity of a
thicker part can be as high as about 50 to I00 times
that for the thinner part of the same crystal. It also
seems that there exists experimentally a critical
thickness (le), depending on specific mat~rials st~die~I.
for this increase of SE signal. For matenals studied m
this paper, the critical thickness seems to be of the
order of 100 nanometers.
Secondary electrons can be generated by smface
(or bulk) plasmon excitation-decay process. The
energy range of this excitation is of 5-30 eV and the
emission range is probably of the order of 1-5 nm . If
plasmon decay dominates the emission process we
would have not observed a significant increase of SE
signal with sample thickness up to 100 nm . On the
other hand, the energy range of Auger electrons and
other energetic electrons produced by the incident
electrons is of the order of 100-2000 eV. These
electrons will generate more secondaries on their way
to the specimen surface, forming a "chain reaction".
Thus the effective emission range of these secondaries
may be much larger than those directly produced by
the primaries. Furthermore, these secondaries may

Seiler H ( I 983). Secondary electron emission in
the scanning electron microscope. J. Appl. Phys. 54,
Rl-Rl8.
Sickafus EN ( 1977) . Linearized secondaryelectron cascades from the surfaces of metals . Phys .
Rev. B; __!_§,
1436-1458.
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K.-R. Peters : Do you expect topographic contrasts to
be m part involved in the increase of signal at
discontinuous monolayers (Figure 11a)? Since SE-I
range is in the order of a few nm, discontinuities in
films of similar thickness can be described as microroughness which may not be resolved but which may
contribute to an increase in signal due to increased
surface area (K.-R . Peters , Microbeam Analysis, 1984,
pp. 77-80).
Authors: Isolated atoms and atomic surface steps or
d1scontmuities will increase SE signal not only because
of increased surface area but also because of the
decrease of work function. Micro-roughness will
increase SE signal for low and medium resolution
images . For high resolution imaging ( < l nm) , we
have to define a local SE yield which determines the
SE image contrast. Atomic steps have been observed
by SE imaging (Kuroda et al., 1986) due to this
contrast.

contribute to the "cascade" form of the SE spectra and
can be described by diffusion theory. They will not
give fine structures but these secondary electrons may
change the SE image intensity significantly.

D. Imeson: There is no discussion in the paper of
specimen charging, apart from the illustration in figure
6 of the more gross effects. This I believe to be a
serious omission, as insulating samples can apparently
acquire a relatively stable (positive) charge which
suppresses the secondary electron emission. For
example a thin anodised alumina film gives negligible
SE signal but no evidence of the accepted effects of
charging on the BF or ADF image. Whilst I accept the
importance of adsorbed monolayers on SE emission,
charging effects provide an alternative explanation of
the images of MgO cubes supported to a greater or
lesser extent on a carbon film. Is it not the case that
MgO should give a very high SE yield, whilst in
practice many cubes show similar intensity to the
carbon film -- that is, the signal is suppressed for
most cubes, as one would expect from charging, rathrr
than enhanced for some cubes as the authors suggest?
Authors : Specimen charging effect is indeed a serious
problem . It is difficult to characterize quantitatively
stable charging effect on SE emission in an electron
microscope . Positive charging will suppress SE signal.
This effect also depends on radiation dose and time.
However it is different from the enhancement of SE
signal by monolayer adsorption on MgO specimen
surfaces as discussed in this paper. Figures 14 and 15
show clearly the diffusion process which enhances SE
signal. It is not likely that for two crystals touching
each other, only one crystal will charge up and the
other one will not. Furthermore, if the intensity
variation of different MgO crystals with time is caused
by stable specimen charging then we should observe a
repeat process after the beam is turned off and on
again. This is definitely not the case.
The enhancement is shown more clearly in figure
11 where the very bright patch is due to monolayer
contamination on the MgO surface. It is our
experience, working with MgO smoke crystals, that
the SE image intensity of these crystals will often
increas e with radiation time when supported on carbon
film. The effect is more remarkable when the sample
is prepared under high humidity condition.

K.-R. Peters: Is it possible to use your equipment to
vemyatoIWard
scattering of dependency of SE
emission as proposed by George and Robinson
[George EP, Robinson VNE. The Influence of
Electron Scattering on the Detection of Fine
Topographic
Detail in the Scanning Electron
Microscope (SEM). Scanning Electron Microsc .
1977:I : 63-70].
Authors: In the HB5 STEM , the sample is placed
ms1de the objective lens . Emitted secondary electrons
will first experience an inhomogeneous magneti c field .
Secondary electrons emitted at the entrance surface
may go back into the sample again due to this precollection magnetic field. Furthermore, we have only
one detector to collect secondaries in transmis sion
mode. Thus, we canno t test the proposal now.

K.-R. Peters : Could you observe on specimens.
s1milartotfiose
imaged in Figure I I, side-by-side
small crystals of normal and of enhanced contrast? On
gold crystals both particles are seen side-by-side.
However , bright particles are less frequent. Gold is a
good conductor, MgO is not. Do you expect voltage
phenomena to be involved in the unusuall y high
contrasts?
Authors : Yes, we have observed small crystals of
normal and of enhanced contrast. The effect is more
marked for small MgO crystals on carbon film made
under high humidity condition. MgO crystals will be
positively charged up under electron beam irradiation .
The surprisingly high contrast of these small crystals
has been attributed to charge effect by Berger et al.
(Berger et al., 1985). It is still not clear why only
some of the crystals charge up and others do not even
when these crystals are in contact with each other, or
do we have to find an alternative explanation?
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